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ASSESSMENT OF AN ANALYTICAL PROCEDURE FOR PREDICTING 

SUPERSONIC EJECTOR NOZZLE PERFORMANCE 

by Bernhard H. Anderson 

Lewis Research Center 

SUMMARY 

An investigation has been carried out to assess the ability to compute ejector noz- 
zle performance over a wide range of geometries and flow conditions of interest. In 
addition, a study was performed which dealt with the interrelation between various ejec- 
tor  nozzle design parameters and performance. In making the evaluation, comparisons 
between theory and experiment were made so that the importance of both the various 
analytical assumptions and the design variables becomes apparent. 

ical means for  designing supersonic ejector nozzles over a wide range of conditions of 
interest. Two factors that have been shown to strongly influence nozzle performance 
are the primary nozzle inlet flow field and the mixing process between the primary and 
secondary flow fields. In general, the initial expansion and recompression process 
dominates ejector performance. Therefore, any factors such as primary nozzle lip 
angle, spacing ratio, shroud shoulder diameter ratio, and so forth, which affect these 
processes strongly influence ejector performance. 

In general, the analytical method investigated can provide an accurate and econom- 

INTRODUCTION 

A continuing problem in the development of exhaust nozzle systems is the large 
number of design parameters that the engineer must consider in order to optimize an 
ejector nozzle. Not only is the design engineer faced with building an effective ejector 
nozzle, but frequently he must modify the design to satisfy requirements over which he 
has  little control and which often compromise nozzle performance. Often lacking prac- 
tical analytical solutions, the engineer will rely almost exclusively on experimental 
data acquired at great cost. These data usually serve as a useful design tool within the 
class of flow conditions and geometries tested. However, considering the large num- 



ber of independent variables which can affect nozzle performance, such as area ratio, 
length ratio, shroud geometry, shroud shoulder diameter ratio, spacing ratio, primary 
nozzle geometry, weight flow ratio, temperature ratio, Reynolds number, and so forth, 
it is self-evident that sufficient experimental data to cover the vast number of design 
possibilities will not be forthcoming. Clearly, the development of better analytical tools 
will benefit the design engineer by allowing him to conduct parametric studies so that 
the interrelation between the design parameters and performance may be examined at 
greatly reduced development time and cost. 

With the exception of reference 1, little attempt has been made to  make a system- 
atic assessment of ejector flow theory and how well it applies within the range of ejector 
geometries and flow conditions of interest. There have been numerous analytical meth- 
ods proposed for describing the ejector nozzle flow field (refs. 2 to 6), and some of the 
difficulties encountered in these procedures are discussed in reference 7. However, the 
most recent and more usable analyses (refs. 3, 5,  and 6) use the phenomenological 
description of the flow field and mixing processes presented in reference 5. This 
description was later extended in reference 7 to be somewhat more general so that it 
would be of greater value in ejector studies. It is apparent from the results of refer- 
ence 1 that the basic approach used in reference 7 is capable of predicting ejector noz- 
zle performance with sufficient accuracy for engineering use for the number of ejectors 
considered. Although a considerable amount of experimental data exist on the pumping 
and exhaust characteristics for various ejector configurations, much of these data are 
contradictory o r  unusable because of insufficient documentation. However, the data 
presented in references 8 to 10 were found to form a reliable set of measurements. 

Therefore, this  investigation was conducted to further assess the ability of the 
analysis presented in reference 7 to predict nozzle performance over a wider range of 
ejector geometries and flow conditions and to continue studying the relation between the 
various ejector design parameters and nozzle performance. In making the evaluation, 
comparisons between theory and experiment a r e  made so that the importance of both 
the various analytical assumptions and the design variables becomes apparent. 

SYMBOLS 

A 

AP 

AS 

CV 

D 

2 

area 

primary nozzle exit area 

shroud shoulder area 

nozzle efficiency, (F - poAe)/(Fip + Fis) 

diameter 



DP 

DS 
F 

F. 1P 

Fis 

LS 
M 

P 

P 

R 

Re 

T 

W 

wP 

ip 
X 

Y 

P 
6* 

w f l  

CY 

primary nozzle exit diameter 

shroud o r  shoulder diameter 

thrust 

ideal thrust based on measured primary flow 

ideal thrust based on measured secondary flow 

distance from primary nozzle exit to shroud shoulder point 

Mach number 

total pressure 

static pressure 

radius 

Reynolds number based on primary nozzle exit diameter 

total temperature 

weight flow 

primary weight flow 

ideal primary weight flow 

axial distance 

radial distance 

primary nozzle lip angle 

displacement thickness 
I 

corrected secondary weight flow ratio, - - ;$ 
Subscripts: 

e exit 

i ideal 

P primary 

S shroud o r  shoulder 

S secondary 

0 free-stream o r  reference conditions 

Superscript: 

sonic conditions * 
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RESULTS AND DISCUSSION 
1 
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I 

Ejector Nozzle System 

I 

The flow within an ejector nozzle is based on the mutual interaction between a high- 
energy primary flow and a low-energy secondary flow, figure 1. The two streams begin 
to interact at the primary nozzle lip. For  the ejector operating in the supersonic regime, 
the secondary flow is effectively "sealed off" from ambient conditions, and the ejector 
mass  flow characteristics depend only on the ratio of secondary to primary total pres- 
sure. The form of this dependence is called the pumping characteristics, and they de- 
fine an ejector operating limit line. Thus, for a given ejector nozzle configuration, the 
pumping characteristics define the maximum amount of flow that can be "pushed" through 
the secondary passage at a given secondary total pressure. When the ejector nozzle 
operates at a mass flow ratio less than the maximum value defined by the pumping curve, 
the primary flow detaches from the shroud wall. Thus, the ejector flow field depends on 
ambient conditions. The pumping characteristics, and consequently the thrust character- 
istics, can be influenced by a great many geometric as well as aerodynamic variables. 
The influence of these variables on nozzle performance, in addition to factors which will 
affect the analysis of ejector systems, is discussed in the following sections. 

Influence of Sonic Line and Mixing 

The influence of both the sonic-line assumptions and the mixing process on the 
performance of a convergent -divergent contoured flap ejector nozzle is shown in 
figure 2. The ejector nozzle had a shoulder diameter ratio D /D 

shroud was located at a spacing ratio L /D of 0.5. Shroud coordinate points for this S P  
ejector configuration are presented in table I. The term ('mixing" in figure 2 indicates 
that the mixing between the two s t reams was computed as an interaction analysis (ref. 7), 
while the "no mixing" solution is indicative of an inviscid computation. The "real?' 
sonic-line solution was based on choked flow through a conical primary nozzle with an 
angle of 27O, while the "plane" sonic-line solution assumed uniform flow discharging ax- 
ially from the primary nozzle. For ejector nozzles whose shroud or shoulder diameter 
DS is large compared to the primary nozzle diameter D the effect of mixing can be 
very important to both the pumping and thrust characteristics, as indicated in figure 2. 
For both the real  and plane sonic-line solutions, higher thrust and nozzle efficiency were 
computed for the no-mixing cases primarily because of the higher secondary pressures,  
as indicated by the pumping characteristics in comparing the real and plane sonic-line 
solutions. It is readily apparent that the sonic -line assumptions can substantially affect 
the calculation of the pumping and stream thrust characteristics. The much larger 
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stream thrust  that was computed for  the plane sonic-line cases was  caused by the higher 
primary nozzle mass flow. Because the actual mass flow was used in evaluating thrust 
efficiency, these sonic-line differences were not as  apparent in the thrust efficiency 
characteristics. The differences that did occur, however, were probably caused by both 
divergence losses in the primary inlet flow and mismatching of the ejector flow field 
with the shroud wall. Thus, both the mixing process and the primary inlet flow strongly 
affect the pumping characteristics, while the mixing process has a greater effect on 
nozzle efficiency than the sonic line. In general, the real  sonic-line mixing solution 
compared favorably with ejector nozzle data from reference 8. 

The measured and computed static pressure distributions on the shroud surface 
are compared in figure 3 for the same four cases. As would be expected, the differences 
that occurred in the pumping characteristics also show in the static pressure distribu- 
tion. For secondary weight flow ratios of 0 and 0.02, the analysis (solid line) was able 
to predict reasonably well both the location and magnitude of the shock, o r  recompres- 
sion pressure rise, associated with primary flow impingement over the secondary 
shroud. Although the analysis predicted the secondary inlet flow conditions quite well at 
a secondary weight flow ratio of 0.04, it was unable to locate the recompression region. 
However, the agreement with both the pumping and thrust characteristics is quite good 
at this secondary weight flow ratio. At the high secondary weight flow ratio of 0.10, 
where the mechanism for isolating the secondary flow from ambient conditions is aero- 
dynamic choking, agreement between the measured and calculated (solid line) static 
pressure distributions is very good. 

The influence of secondary weight flow ratio on the flow field of the same conver- 
gent-divergent contoured flap ejector nozzle is shown in figure 4. Each line segment in 
these computer flow-field plots represents a Mach number vector whose length is pro- 
portional to the local Mach number and whose angle is the local flow angle. The recom- 
pression shock that formed just off the shroud shoulder is clearly visible at a secondary 
weight flow ratio of 0. As the secondary weight flow ratio increases, the recompression 
shock pulls away from the shroud wall and forms further downstream until it is no longer 
visible within the flow field that was plotted. 

The influence of both the sonic-line assumption and the mixing process is presented 
in figure 5 for a convergent-divergent conical flap ejector having a shoulder diameter 
ratio D /D of 1.225 and operating at a Reynolds number Re of 4 .0~10  . The real 
sonic-line solutions were based on choked flow through a conical primary nozzle with a 
lip angle of 16'. Qualitatively, the effects of the primary inlet flow condition and the 
mixing process resulted in trends similar to those of the previous ejector nozzle example 
although the pumping characteristics were influenced more by the sonic-line assumptions 
than by mixing at the higher secondary flow rates. However, at the lower secondary 
flow rates, where it may be advantageous to operate this ejector, the effects of mixing 
on nozzle performance can be very important and thus can not be ignored o r  assumed 
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to be neglibible. 

this  conical flap ejector nozzle. The same qualitative flow behavior was found to exist 
in this conical flap ejector as in the previous contoured flap ejector nozzle. 

back pressure under which the nozzle is operating. For ejector nozzles this back pres- 
sure is a function of secondary weight flow ratio. This dependence is illustrated in 
figure 7, where the primary nozzle flow coefficient is shown as a function of ejector 
corrected secondary weight flow ratio for both theory and data. The experimental data 
(fig. 7(b)) were obtained for a primary nozzle with a 27' inside lip angle operating with- 

6 in an ejector at a Reynolds number of 3. 3x10 . The theoretical calculations were ob- 
tained by integrating the mass  flux along the computed sonic line and correcting fo r  
boundary layer effects according to the analysis of reference 7. The boundary layer, 
o r  Reynolds number, effect is represented by the difference between the dashed line and 
a discharge coefficient of 1.00. The calculations indicate about a 0.4 percent decrease 
in discharge coefficient when the corrected secondary weight flow ratio was increased 
from 0 to 10 percent. This decrease was caused by an increase in the back pressure 
under which the primary nozzle was operating. The measured data from reference 8 
indicate th i s  variation. The conical flap ejector nozzle of reference 9 (fig. 7(a)) had a 
primary nozzle with a lip angle of 16O, and therefore the discharge coefficient was not 
as sensitive to secondary flow rate as the previous ejector nozzle configuration. 

The differences between the real and plane sonic-line solutions become readily 
apparent by comparing the computer flow-field plots for the real and plane sonic-line 
cases, figure 8. At the same corrected secondary weight flow ratio, the recompres- 
sion shock that forms after the initial primary flow expansion will always be located 
further downstream for the real sonic solution, where the shock losses will be greater. 
The assumption that the primary inlet flow follows a Prandtl-Meyer expansion around 
the nozzle lip from a uniform state is very limiting because it can not represent the 
character of the ejector flow field formed from flow discharging from a choked conical 
nozzle. Because the real sonic-line solution will always give a smaller primary mass 
flow rate, the ejector nozzle will always appear overexpanded when compared to the 
plane sonic-line solution at the same ejector mass  flow ratio. This overexpansion 
effect can be seen in figure 9, which presents the exit Mach number profiles for both 
the conical flap ejector nozzle (fig. 9(a)) and the contoured flap ejector nozzle (fig. 9(b)). 

A somewhat similar interpretation can also be applied to the effects of mixing with- 
in supersonic ejector nozzles. Although the mixing process can not change the total 
ejector mass flow rate, as is the case with the sonic-line assumption, the primary 
flow exit Mach number profiles for the mixing solutions always appear overexpanded 
when compared to the no-mixing solution. Thus, the mixing process makes the ejector 
nozzle appear to be operating at a lower secondary weight flow ratio. This interpre- 

6 

Figure 6 shows the influence of secondary weight flow ratio on the flow field of 

The sonic line depends not only on the pr imary nozzle geometry, but also on the 



tation of the mixing process led to the phenomenological description presented in 
reference 5. 

The conceptual idea that an ejector flow with mixing is equivalent to an inviscid 
flow at a lower secondary weight flow ratio can also be applied to the sonic-line prob- 
lem. By resizing the primary nozzle so that both the primary nozzle mass flow rate 
and the ejector mass  flow ratio are matched to known values, an equivalent ejector 
can be defined. However, the thrust inventory must be performed over actual geometry. 
And thus the accounting for the difference between the actual and effective primary noz- 
zle exit areas is left in doubt. 

Influence of Primary Nozzle Lip Angle 

The idea that problems associated with calculation of a sonic line can be avoided 
by replacing the actual ejector nozzle with an equivalent nozzle which matches the pri- 
mary mass flow rate and ejector nozzle mass  flow ratio but which has a plane sonic line 
is examined in figure 10. The ejector nozzle performance presented in figure 10 was  
determined for the same convergent-divergent conical flap ejector that was examined in 
figure 5. This ejector had a shoulder diameter ratio D /D 
ratio L /D of 0.22. The nozzle performance for the ejector which had a choked pri- 
mary nozzle (solid line) was obtained by keeping the primary nozzle exit area constant 
so that the shoulder diameter ratio, the spacing ratio, and the exit area ratio were 
constant as the lip angle was  increased from 0’ to 60’. Computer predictions for the 
choked conical primary nozzle, which were done at a secondary weight flow ratio 
of 0.04, indicated that this variation in lip angle resulted in a 27 percent increase in 
pumping, a 1.3 percent decrease in nozzle efficiency, and a decrease of nearly 22 per-  
cent in the primary nozzle mass  flow rate. With the primary nozzle mass  flow charac- 
terist ics known, an equivalent plane sonic-line nozzle was defined by decreasing the 
primary nozzle exit a rea  so that the same mass flow could be achieved at the secondary 
weight flow ratio of 0.04. This was accomplished by replacing the primary nozzle exit 
area Ap by the value (Wp/Wip)Apbwhere W Nip is the primary nozzle flow coeffi- 

the dashed line), the shoulder diameter ratio D /D the ejector spacing ratio L /D 
and the ejector area ratio Ae/A 
however, did not increase the pumping action sufficiently to match the secondary total 
pressure ratio o r  thrust efficiency characteristics of the actual ejector nozzle (solid line). 
Since the ejector with the choked conical primary nozzle is already operating at the 
optimum spacing ratio L /D no further gains are possible. 

The concept of equivalent ejector nozzles is not a very good approximation to use to 
avoid the problem of calculating a starting sonic line. However, two definite conclusions 

of 1.225 and a spacing S P  
S P  

cient, and setting the lip angle to 0 . Thus, P or  this set of predictions (represented by 

s P’ s P’ all increased. The increase in  these parameters, P 

s P’ 
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can be reached about the nature of supersonic ejector nozzles: (1) nozzle efficiency de- 
pends on both the primary nozzle mass flow rate and nonuniformities in the entrance flow 
field and (2) at the same mass flow rate a smaller uniform-flow primary nozzle will al- 
ways improve ejector efficiency. To further delve into the nature of ejector nozzles, the 
exit Mach number profiles from the previous study a re  shown in figure 11, for primary 
nozzle lip angles ranging from 10' to 60'. As would be expected, when the primary noz- 
zle lip angle increased, a greater portion of the exit flow appeared to be overexpanded, 
and hence the average exit Mach number increased. This w a s  clearly caused by the 
effective ejector nozzle area ratio increasing because the primary nozzle flow coefficient 
was decreasing. However, the character of the distortion of the exit plane did not change 
appreciably. 

in figure 12 and indicates that the sonic line can vary considerably. It is also interesting 
t o  note that, even for the 10' primary nozzle, there is noticable distortion in the sonic 
line. 

The influence of the primary nozzle lip angle on the ejector flow field is presented 

Influence of Spacing and Shoulder Diameter Ratio 

The location of the shroud shoulder relative to the primary nozzle exit (spacing 
ratio) Ls/Dp, together with the shoulder diameter ratio D /D is critical in attaining 
high nozzle performance because it controls the initial expansion of the exhaust gas and 
has a strong influence on secondary airflow pressures. In order to systematically study 
the effects of these two design variables, a series of calculations were performed on a 
family of five conical flap ejector nozzles, figure 13, and compared to both published 
and unpublished data obtained in the tests reported in reference 9. The shoulder diam- 
eter ratio of these nozzles varied from 1 . 1 8 3  to 1.342,  while all had a 9' half-angle Coni- 
cal expansion section and thus an exit area ratio Ae/A 

P 
contours that were used in the calculation a re  presented in tables I1 to VI. 

For each shroud configuration shown in figure 13, data and calculations are pre- 
sented in  figures 14 to 18  at secondary weight flow ratios of 0 .025 ,  0.04, 0.06, and 0.10. 
At each shoulder diameter ratio D /D and secondary weight flow ratio u f i  the spac- 
ing ratio L /D w a s  increased from 0 to 0 . 7 .  While increasing the spacing ratio did 
result in  higher secondary pressure, and consequently higher thrust contributions, this 
effect was offset by a decreasing integrated pressure force along the shroud wall in the 
thrust direction. The net result was that the efficiency maximized at a particular spacing 
ratio. For the shroud contour which had a shoulder diameter ratio of 1 . 1 8 3  (fig. 14), the 
optimum spacing ratio was about 0 . 2 .  But when the shoulder diameter ratio was in- 
creased to 1.225 (fig. 15), the optimum spacing ratio increased to about 0. 3. 

s P' 

of 2 . 7 5 .  The exact shroud 

S P  
S P  

a 



According to  the calculations, the pumping characteristics also exhibit the property 
that secondary total pressure will maximize with spacing ratio (figs. 14(d) and 15(d)), but 
the maximum total pressure occurred at a higher spacing ratio than the maximum effi- 
ciency. As the spacing ratio was increased, the divergent portion of the shroud exhibited 
less influence over the pumping characteristics until a point was reached when the ejec- 
tor flow was  controlled primarily by the convergent segment of the shroud wall. It is 
also apparent from figures 14 to 18 that both the secondary weight flow ratio and the 
shoulder diameter ratio have a strong influence over this process. This fact would seem 
to suggest that a good way to improve the pumping action of an ejector would be to con- 
strict the exit. However, gains in nozzle efficiency would not be realized, 

The role of the spacing ratio in controlling thrust efficiency is examined in fig- 
u re  19 by presenting the exit Mach number profiles at selected shroud positions relative 
to the primary nozzle exit plane. The calculations were performed for the ejector having 
the shroud configuration with a shoulder diameter ratio of 1.225 and operating at a sec- 
ondary weight flow ratio of 0.04. The exit Mach number corresponding to  the geometric 
area ratio of 2.75 was about 2.54. of 0, there existed an 
overexpanded region in the core of the primary flow field. As the spacing ratio was in- 
creased, this overexpanded region diminished in size until an almost flat Mach number 
profile existed. This condition occurred at a spacing ratio L /D of 0. 3, which cor- 
responded to the condition of maximum efficiency. As the spacing ratio was  increased 
beyond this optimum point, a large underexpanded region developed in the core of the 
ejector flow field. This region was caused by the recompression shock forming inside 
the flow field enclosed by the shroud. Beyond a spacing ratio of 0.4, these shocks were 
sufficiently strong to  cause subsonic conditions i n  the primary flow field. In summary, 
it appears that the spacing ratio L /D determines the characteristic distortion pat- 
terns at the ejector nozzle exit and that peak performance will occur when this distortion 
is minimized. 

nozzle having the shroud configuration with the shoulder diameter ratio of 1.225 are pre- 
sented in figure 20. The performance for this ejector configuration, which is operating 
at a secondary weight flow ratio of 0.04, is presented in figure 15(b). The 
optimum spacing ratio for this ejector configuration was 0.3, and the flow field for this 
operating condition is presented in figure 20(b). Figure 20(d) shows the character of the 
primary flow field just below the spacing r a t io  where the secondary pressure peaks. It 
is evident from this plot that the expansion characteristics, and consequently the pumping 

is basically convergent. The diverging section appears to have little influence over the 
initial ejector flow field. 

At a spacing ratio L /D S P  

S P  

S P  

Computer plots showing the effect of spacing ratio on the flow field of the ejector 

1 

I action are controlled by the fact that the primary nozzle flow sees an ejector shroud which 

I 
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Effect of Shroud Diameter Ratio for Cylindrical Ejectors 

Ejector pumping characteristics are strongly influenced by the shroud diameter 
ratio D /D as illustrated in figure 21. The calculations were performed on a family 
of cylindrical shroud ejectors having shroud diameter ratios of 1.41, 1.21, 1.11, and 
1.06, all with an 8' conical primary nozzle. The tabulated coordinates for this family 
of ejector nozzles are presented in tables VII to X. Results of the experimental investi- 
gations are presented in reference 10. 

A comparison of the computed performance and the model data generally indicates 
good agreement except for the low-diameter-ratio ejector operating at high secondary 
mass flow rates. Under these conditions, the secondary inlet Mach number ranged from 
0. 3 to 0.6. In an attempt to account for the disagreement at this low diameter ratio, the 
secondary inlet flow blockage was  increased by changing the initial shroud boundary lay- 
er displacement thickness 6*/Dp from 0 to 0.0025. The results of this latter calcula- 
tion are shown as the dashed line in figure 21 and indicate better agreement with data. 
Consequently, secondary boundary layer flow blockage can influence the pumping char- 
acteristics, particularly when the secondary inlet Mach number is high. 

If the performances of the four ejector nozzles are examined in sequence at zero 
secondary weight flow ratio, it can be seen that agreement between predicted pumping 
and experimentally measured pumping became poorer as the shroud diameter ratio 
approached umity. However, agreement at 1 percent secondary weight flow ratio was 
very good. Computer flow field plots of this family of four ejector nozzles are pre- 
sented in figure 22 for secondary weight flow ratios of 0 and 0.04. As the shroud diam- 
eter ratio was increased from 1.06 to 1.41, the impingement shock, which is clearly 
visible at zero secondary weight flow ratio, moved downstream and strengthened in 
the process due to the higher upstream Mach numbers. It should be emphasized that 
the shock was  not of constant strength. As the shock wave approached the ejector center- 
line, its strength increased very rapidly depending on the initial expansion characteris- 
tics of the ejector nozzle. For the ejector nozzle having a shroud diameter ratio D /D S P  
of 1.41, the shock in the vicinity of the ejector centerline was sufficiently strong to cause 
subsonic conditions within the ejector flow field. This same phenomenon also occurred 
with this ejector nozzle at a secondary weight flow ratio of 0.04, except that a recom- 
pression region developed into a very strong shock wave which caused sonic flow within 
the nozzle. 

The purpose of contouring the ejector shroud can therefore be viewed as an attempt 
to alleviate the strong recompression that follows the expansion processes in the vicinity 
0.' the primary nozzle lip. It is readily apparent therefore that the rationale for contour- 
ing an ejector nozzle shroud is fundamentally different from the reasons for shaping a 
convergent-divergent (C-D) nozzle. While the walls of the C-D nozzle are shaped to con- 

s P' 
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trol the expansion process, the shroud of the ejector nozzle is contoured to control the 
recompression process. This fundamental difference can become very important in the 
design of ejector nozzles since a mismatch between the shroud contour and recompres- 
sion flow field can result in large performance losses. 

compute the performance of the conical primary nozzle which is typically used in ejector 
systems. Prediction of the flow and thrust coefficients from the analysis of reference 7 
and the experimental data of reference 10 are  compared in figure 23. 
mance parameters a re  presented as a function of the nozzle pressure ratio. The flow 
coefficient is the ratio of actual to ideal mass flow W /W. 
is the ratio of the actual thrust to the ideal thrust of a choked nozzle based on the meas- 
ured weight flow. Predictions of the flow coefficient in the lower nozzle pressure ratio 
range were approximately 0.7 percent below the measured values; however, very good 
agreement was achieved in the upper nozzle pressure ratio range, Since there is no 
apparent reason for the experimental flow coefficient to decrease as the pressure ratio 
was increased, it can be concluded that some measuring e r ro r  occurred in the lower 
pressure ratio range. Because the nozzle thrust coefficient is based on the actual mass 
flow, the 0. '7 percent disagreement in flow coefficient that existed in the low pressure 
ratio range was partly responsible for a 1 . 4  percent variation in the nozzle thrust co- 
efficient. This sensitivity is a problem both in  the measurement and prediction of ejec- 
tor thrust performance and may explain the often contradictory ejector performances 
that have been reported. 

As indicated in figure 7, the flow Coefficient can vary substantially as a function of 
secondary weight flow ratio. The reason behind this occurrence lies in  the fact that 
within an ejector system, the primary nozzle is sometimes forced to operate in the back 
pressure range, which includes the knee of the flow coefficient curve. This phenomenon 
must be taken into account in the practical design of ejector nozzles. 

A major motivation for developing the procedures presented in reference 7 is to 

These perfor- 

while the thrust coefficient 
P 1P' 

Effect of Primary Temperature 

To investigate the ability to predict the performance of ejector nozzles at higher 
primary total temperatures, a ser ies  of solutions were obtained for the cylindrical 
shroud ejector whose test results are presented in reference 11. These ejector nozzles 
were tested with an afterburning turbojet engine mounted in an altitude facility. Power 
settings were varied from part power to maximum afterburning, yielding exhaust pri- 
mary gas temperatures between 889 and 1945 K (1600' and 3500' R). In order to accom- 
modate the flow, the primary nozzle angle was varied from 5' to 15'. Therefore, as the 
power setting was varied, both the nozzle l ip angle and the shroud diameter ratio changed. 
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The secondary inlet temperature used in the calculations w a s  based on the experimen- 
tally measured results, In general, the theory was able to predict fairly well both the 
pumping and thrust characteristics that were measured. The s t ream thrust (or vacuum 
thrust) parameter used to compare theory and data was defined in terms of the sonic 
throat area of the primary nozzle A 

In an attempt to clarify the differences between "cold" and ??hott7 flow ejector 
nozzle testing, data from references 10 to 12  are compared in figure 24, along with 
some calculations. Three sets of data are presented for the cylindrical shroud ejector 
having a diameter ratio D /D 
and 12 appear to form a reliable se t  since the measured pumping characteristics are 
essentially the same. When compared with the performance measured under the con- 
ditions when the primary temperature was about 1945 K (3500' R), both the data and 
calculations indicated that there was a decrease in pumping action. It is apparent for 
this ejector nozzle that the increase in thrust contribution from the larger secondary 
s t ream pressure did not compensate for the loss in thrust of the primary flow. Con- 
sequently, the effects of temperature on nozzle performance depend on geometric fac- 
tors. 

and the primary total pressure.  P* 

of 1.11. The cold flow data presented in references 10 
S P  

Plug Nozzle Ejectors 

One type of ejector that has not received widespread analytical attention is the 
plug nozzle. It is pointed out in reference 13 that good performance can be achieved 
with a plug nozzle which incorporates a translating shroud and variable geometry pri- 
mary nozzle. To investigate the question of effectiveness of this type of ejector nozzle, 
the "afterburning onfT and "afterburning off" configurations discussed in reference 13 
were calculated by using the current computer program and compared with measured 
performance. The results are presented in figures 25 and 26. 

The analysis presented in reference 7 computed a primary nozzle inlet flow sonic 
line by assuming conical flow in the vicinity of the primary nozzle exit; that is, the pri- 
mary inlet flow satisfies the Taylor-Maccoll equation. When the calculations were based 
on a primary nozzle whose exit area corresponds to the effective or  sonic a rea  A 
good agreement was achieved with the measured performance. As pointed out in refer- 
ence 1, the assumption that the primary nozzle inlet flow satisfies the Taylor-Maccoll 
equation is equivalent to the plane sonic-line assumption previously discussed. This 
partially accounts for the fact that the computed efficiency tended to be higher than the 
measured efficiency. 

vious discussion on the sonic-line assumptions when i t  is realized that the difference 

P*' 

The good theoretical results that were achieved are not inconsistent with the pre- 

1 2  



between lip angle and cone angle was less than 2' for the "afterburning on" configura- 
tion (fig. 25) and less than 7' for )'afterburning off" configuration (fig. 26). As indi- 
cated in figure 10, the e r ror  due to the sonic-line assumptions was  not very great in this 
range of primary nozzle lip angles. 

CONCLUSIONS 

The analysis described in  NASA TN D-7602 provides an accurate and economical 
method of designing a wide variety of supersonic ejector nozzles over the range of flow 
conditions of interest. This conclusion was reached by comparisons with a substantial 
amount of ejector nozzle performance data. It was also concluded that the two-stream 
mixing process and the distribution of flow properties along the sonic line can have 
significant effect on both the thrust and pumping characteristics of ejector nozzles. 
These rather significant results indicate the necessity of accurately predicting the two- 
stream mixing process and the flow conditions in the transonic region of the primary 
nozzle and of including these effects in the hardware design. 

In general, the initial expansion and recompression process dominates ejector 
nozzle performance. Therefore, those factors which affect this process strongly, such 
as the sonic line, the initial mixing process, the spacing ratio, the shroud shoulder 
diameter ratio, and so  forth, are going to have the greatest influence on ejector perfor- 
mance. It was also concluded that the effect of primary temperature depends on such 
parameters as the shroud or shoulder diameter ratio and the spacing ratio. No a priori 
statement as to the merits of ??cold'* flow and ?'hot" flow testing can be made until these 
factors have been defined. The contouring of the shroud of ejector nozzles must take 
into account the initial expansion and recompression process if highly efficient nozzle 
performance is to  be achieved. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

I Cleveland, Ohio, September 19, 1973, 
501-24. 
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TABLE I. - SHROUD COORDINATES FOR CONTOURED FLAP EJECTOR NOZZLE 

Ratio of 
axial dis- 
tance to 

radius of 
primary 
nozzle 

-0.57531 
-0.52037 
-0 46 5 4 2 
-0.41047 
-0.35553 
-0.30058 
-0.24564 
-0.19069 
-0.13575 
-0.08080 
-0.02586 
0.02909 
0.08403 
0.13898 
0.19393 
0.24887 
0.30382 
0.35876 

0.46865 

0.57854 

0.41371 

0.52360 

0 63349 
0.68843 
0.74338 
0.79832 
0.85327 
0.90822 
0.96316 
1.01811 
1.07305 
1.12800 
1.18294 
1.23789 
1.29283 

1.40272 
1.34778 

1.45767 
1.51262 
1.56756 
1.62251 
1.67745 
1.73240 
1.78734 
1 04229 

~ ~~ 

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

2.09989 
2.09989 
2.09989 
2.09989 
2.09989 
2.09989 
2.09989 
2.09989 
2.09989 
2.09989 
2.09989 
2.08684 
2.05772 
2.02271 
1.98626 
1~94676 
1.90627 
1.85207 
1.79429 

1.66 128 
1.72940 

1.59588 
1.53842 
1.49055 
1.45089 
1.41772 

1.38072 
1.37204 
1.36976 
1.37433 
I.  37 894 
1.38525 
1.39379 
1.40346 
1.4 1 409 
1.42515 
1.43701 
1.45001 
1. 46 342 
1.47674 
I. 48993 
1.50311 
1.51630 
1.52949 

1.39563 

WITH SHOULDER DIAMETER RATIO OF 1 .370  

Surface 
tangent 

-0.00000 
0.00000 

-0.00000 
0 . 0000 1 
-0.00003 
0.0001 1 
-0.00043 
0.00160 

0.02226 
-0.08 306 
-0 40206 
-0.61108 
-0.65518 

-0.00596 

-0.66999 

-0.88689 

-1.10945 

-0.70251 

-1 -02948 

-1.23009 
-1.23277 
-1.12919 
-0 95 8 59 
-0.78736 
-0.67102 
-0 5 0 5 2 6 
-0 32503 
-0.21455 
-0. 10439 
0.03383 
0 09400 

0.13816 
0.16759 
0.18564 

0.09098 

0.19798 
0.20664 
0.22699 
0.24276 
0.24400 
0.24084 
0.23977 
0.24000 
0.23991 
0.24026 

-0.00003 
0.00004 

-0.00013 
0.00047 

-0.00176 
0.00657 
-0.02453 
0.09155 

-0.34166 
1.27491 

-4 -74792 
-21 -90292 
-31.42843 
-33.23212 
-33.82165 
-35.08829 
-41.56946 
-45.03230 
-47.97014 
-50 -89074 
-50.95158 
-48.47216 
-43.78070 
-38 -21558 
-33.86254 
-26.80566 
-18.00571 

-5.95962 
1.93737 
5.37025 
5.19831 
7.86621 
9.51378 
10.51652 
11 . 19846 
11.67507 

-12.10950 

12.78891 
13.64502 
13.71239 
13.54131 

13.50000 
13.48328 

13.49109 
13 .5 1001 

Ratio of 
axial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.89723 
1.95218 
2.30712 
2.06207 
2.11702 
2.17196 
2.22691 
2.281 85 
2.33680 
2.39174 
2.44669 
2.501 63 
2.55658 
2.61152 

2.72142 

2.83131 
2.88625 
2.94120 
2.99614 
3.05109 
3. 10603 
3.16098 
3.21592 
3.27087 
3.32582 
3.38076 
3.43571 
3.49065 
3.54560 
3.60054 
3.65549 
3.71043 
3.76538 

2.66647 

2.77636 

3.82032 
3.81527 
3.93022 
3.98516 
4.04011 
4.09505 
4.15000 
4.20494 
4.25989 
4.31483 

Ratio of 
radial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.54267 
1.55586 
1 56905 
1.58062 
1 591 58 
1.60205 
1.61205 
1.62185 
1.63165 
1.64154 
1.65141 
1.66036 
1.6691 1 
1.67778 
1.68657 
1.69536 
1.70415 
1.71294 
1.72143 
1.72829 
1 73473 
1.74162 
1.74926 
1.75711 
1.76395 
1.77051 
1 77725 
1.78484 
1.79264 
1.79977 
1 80638 
1.81281 
1.81941 
1 .E2600 
1.83177 
1 . 83631 
1 . 8 40 43 
1 84474 
1.84914 

1 85675 
1.85996 
1.86317 
1.86646 
1 86976 

1.85334 

Surface Surface 

0 23 903 
0.24361 
0.22652 
0.20197 
0.19560 
0.18 579 
0.17930 
0 17 801 
0.17884 
0.18 206 
0.17 160 
0.15915 
0.15821 
0.15885 
0.16034 
0.15997 
0.15977 
0.16095 

0.11654 
0.11 970 
0.13 214 
0.14479 
0.13441 
0.11959 
0.1 1916 
0.12988 
0.14337 
0.13696 
0.12 398 
0.11759 
0.11 794 
0.12174 
0.11510 
0.09298 
0.07584 

0.14ai9 

0.07623 
0.07991 
0.07998 
0.06928 
0.05857 

0.05918 
0.06 026 
0.05SBO 

0.05eii 

13.44 22 2 

12.76337 
11.4182C 
11 .06700 

10.16522 

10.1354C 

9.731106 
9.04276 

9.01497 

9.08(68 
9.07740 

7.98C33 
6.64744 

13.65124 

10.52f0 2 

10 -09 372 

10.31820 

8.95C 11 

9.10950 

9,14236 

6.82 61 1 
7.5275C 
8.23 €85  
7.65531 
6.81937 
6.75542 

8.15F08 

7.06161 

6.72640 
6.94108 
6.5656f 
5.3 1 zoe 
4.33722 
4.35919 
4.56866 
4.57961 
3.96309 
3.35215 
3.32594 
3.3et9e 
3.44821 
3.42 197 

7.40040 

7.79870 

6.7064C 
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TABLE II. - SHROUD COORDINATES FOR CONICAL FLAP EJECTOR NOZZLE 

Ratio of 
axial dis- 
tance to 

radius of 
primary 
nozzle 

- 1.60 530 
-1.54058 
-1.47587 
-1.41115 
-1.34643 
-1,28171 - 1.21700 - 1.15228 
-1.08756 
-1.02285 
-0.95813 
-0.89341 
-0,82870 
-0.76398 
-0.69926 
-0.63454 
-0.56983 
-0.505 11 
-0.44039 
-0.37568 
-0.31096 
-0,24624 
-0.18152 
-0,11681 
-0.05209 
0,Ol 263 
0.07734 
0.14206 
0.20678 
0.27150 
0.33621 
0.40093 
0.46565 
0.53036 
0.59508 
0.65980 
0.72451 
0.78923 
0.85395 
0.91867 
0.98338 
1.04810 
1.11282 
1.17753 
1.24225 

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

~ 

1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 

1.65 800 

1.65809 

1.65800 

1.65800 

1.65809 

1.65800 

1.65800 
1.65800 
1.65 800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65803 
1.65800 
1.65800 
1.65800 
1 e65 800 
1.65800 
1.65800 
1.65800 
1.65809 
1.65800 
1.65800 
1.65 800 
1.65226 
1.61899 
1.55538 
1.49066 
1.42594 
1.36122 
1.29650 
1.23483 
1.19893 
1.18409 
1.18650 
1.19678 

WITH SHOULDER DIAMETER RATIO OF 1 . 1 8 3  

Surface 
tangent 

~ 

-0.00000 
0. coo00 
-0.00000 
0.00000 
-0 .00000 
0,00000 
-0.00000 

0.00000 
-0.00000 
0.00000 
-0.00000 

-0.0000@ 
0.00000 
-0.00000 
0.00000 
-0.00000 

0.00@00 
-0.00000 
0.00000 

-0.00000 
0.00000 
-0.00000 
0.00000 
-0.00300 
0.00000 
-0,00000 

o.o0r)o1 
-0.00002 
0.00008 
-0.00029 
0.00107 

-0.00401 
-0 2 51 09 

o.ooaoo 

-0.19996 - 1.0399 3 
- 1.00441 
-0.99367 - 1.0209 3 
-0.78272 

-0.08259 

0.16783 

-0.98903 

-0 371 35 

0,12574 

-0 .00000 

-0.00000 
0.00000 
-0 .00000 
0 .00000 
-0 .00000 

-0.001J00 
0.00000 

-0 *00000 
0 .00000 
-0.00000 
0.00000 
-0.00000 

-0,00000 
0.00000 
-0 .00000 
0.00000 
-0 .00000 
0.60000 
-0.00000 
0 .00000 

-0 . 0000 1 
0.00002 

-0.00009 
0.00032 
-0.001 18 
0 e00442 

-0,01649 

0 .ooaoo 

a.ooooo 

o.ooaoo 

0.06156 
-0. 22973 
-14.09520 
-38.65832 

-44 -68406 
-45.12602 
-44.81795 
-45.59338 
-38.05092 
-20037271 

-46.12131 

-4.72129 

9.52692 
7.16651 

Ratio of 
axial 

distance 
to rad- 
ius of 

primary 
nozzle 

1 30697 
1 . 37 169 
1 43640 
1.50112 
1 . 56584 
1.63055 
1.69527 
1.75999 
1.82471 
1.88942 
1.95414 
2.01886 
2,08357 
2.14829 
2.21 301 
2.21772 

2,40716 
2.471 88 
2.53659 

2.66603 
2.73074 
2.79546 
2.86018 
2.92490 
2.98961 
3.05433 
3.11905 
3.18376 
3.24848 
3.31320 
3.37791 
3.44263 
3.50735 
3.57207 
3,63678 

3.78622 
3.83093 
3.89565 

2 34244 

2.60131 

3.70150 

3.96037 
4,02509 
4.08980 
4.15452 

Ratio of 
radial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.20705 
1.21722 
1.22748 
1023774 
1 e24801 
1.25827 
1.26852 
1.27878 
1.28897 
1.29921 
1 30948 
1.31974 
1.33001 
1.34027 
1.35053 
1.36079 
1 37099 
1.38121 
1.39148 
1.40175 
1.41201 
1,42227 
1.43252 
1,44279 
1.45302 
1.46321 
1.47348 
1.48375 
1.49401 
1 e50427 
1.51453 
1.52479 
1 53504 
1.54522 
1.55549 
1.56575 

1.58626 
1.59653 

1.61705 
1.62722 
1,63749 
1 , 64775 
1.65802 

1,57601 

1 60680 

Surface 
tangent 

0,15528 
0.15826 
0.15866 
a. 15 860 

0.15e44 
0.15866 

0.15863 
0.15793 
0.15758 

0.15867 
o. 15 e59 
0.15859 
0.15864 
0.15850 
0.15856 
0.1581 5 
0.15158 
0.15834 
0.15875 
0.15 858 
0.15858 
0.15843 
0.15860 
0.15844 

0.15812 
0.15882 
0.15856 
0.15861 

0.15755 

0,15844 
0.15851 
0.15865 

0.15791 
0.15885 
0.15856 
0.15 €46 
0.15 849 

0.15756 

0.15860 
o. 15e78 
0.15 76 1 
0.15772 
0.15887 
0.15853 
0.15e68 

8 . 8 a t i i  
8.9S297 
9.01546 
9.01205 
9.01513 
9.00 31 1 
9.0 1386 
8.9746C 
8.95 5 27 
9.01168 
9.01585 

9.0144e 
9.00644 
9.00982 
8.9.?663 
8.9548 3 
8.9975 e 
9.02663 
9.01106 
9.01f9C 
9.00228 
9.01206 
9.0C295 
8.95316 
8.98512 
9.02419 
9,00970 

9.01135 

9.0liel 
9.00311 
9.00711 
9.0 1'79 
8.954C4 
8.97354 
9.02613 
9.0098 1 
9,00436 
9,OCbQC 
9.01226 
9.02206 
0,95692 
8.96 i6 8 
9.C213C 
9.OCE03 
9 . 0 1 a 2 e  
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TABLE III. - SHROUD COORDINATES FOR CONICAL FLAP EJECTOR NOZZLE 

Ratio of 
axial dis- 
tance to 

radius of 
primary 
nozzle 

-1.48240 

-1.35573 - 1.29239 
-1.22906 

- 1 e41906 

-1.16572 
-1.10238 
-1.03905 
-0.97571 
-0.91237 
-0.84904 
-0.78570 
-0.72237 
-0.65903 
-0.59569 
-0.5 32 36 

-0.40568 
-0.34235 
-0.2790 1 
-0.21568 
-0.15234 

-0 -02567 
0 e 0  3767 
0.10100 
0.16434 
0.22768 
0.29101 

-0.46902 

-0 08900 

0.35435 
0.41 769 
0 a48 102 
0.54436 
0.60769 
0.67133 
0.73437 
0.79770 
0.86104 
0.92437 
0.98771 
1.05105 
1.11438 
1.17772 
1.24106 
1.30439 

~ 

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1 .-6 5 800 
1.65800 
1.65 800 
1.65800 
1.65800 

1.65800 
1.65800 

1.65800 

1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1 65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65786 
1.64420 
1.5981 7 
1.53465 
1.47132 
1.40792 
1.34458 
1.28282 
1.24442 

WITH SHOULDER DIAMETER RATIO OF 1 .225  

Surface 
tangent 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0 .OOOOO 

-0 .  GOO00 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00b00 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00'300 
0.00000 

-0.00000 
0.00000 

-0.00000 
0 .ooooo 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00002 
0.00006 

-0.00023 
0.00085 

-0.00316 
0.01181 

-0.05070 
-0.46259 
-0.92622 
-1.02143 
-0.99667 
-0.99498 
-1  0 2648 
-0.82436 
-0.42021 

-0 .00000 
0 .00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0 .ooooo 

-0.00000 
0.00000 

-0 . 00000 
0.00000 

-0 .ooooo 
0.00000 

-0 .ooooo 
0 .00000 

-0.00000 
0.00000 

-0.00000 
0.00002 

-0.00007 
0.00025 

-0.00093 

-0.01302 
0.04858 

0.67661 - 2 . 90 2 1 3  

-42 . 80639 
-45.60728 
-44.90447 
-44.85570 
-45.74866 
-39.50066 
-22.79256 

0.00349 

-0. 18130 

-24 -82459 

Ratio of 
axial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.36773 
1.43106 
1 49440 
1.55774 
1.62 107 
1.68441 
1.74775 
1.81108 
1.87442 
1.93775 
2.00109 
2.06443 
2.12776 
2.19110 
2.25443 
2.31777 
2.38111 
2.44444 
2.50778 
2.57112 
2.63445 
2.69779 
2.761 12 
2.82446 
2.80780 
2.95 113 
3.01 447 
3.07780 
3.141 14 
3.20448 
3.26781 
3.33115 
3.39449 
3.45782 
3.52 116 
3.58449 
3.64783 
3.71117 
3.77450 
3.83784 
3.901 18 
3.96451 
4.02785 
4.09118 
4.15452 

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

1.22724 
1.22688 
1.23655 
1 . 2467 3 
1.25676 
1.26678 
1.27683 
1.28685 
1 29690 
1.30690 
1.31697 
1 32697 
1.33705 
1.34703 
1.35710 
1.36710 
1.37717 
1.38718 
1.39716 
1.40720 
1.41724 
1.42727 
1 43731 
1.44733 
1.45738 
1 46738 
1 47746 
1.48745 
1.49753 
1 50750 
1.51758 
1 52759 
1 53765 
1 54767 
1 55771 
1.56773 
1.57776 
1.58781 
1.59783 
1.60789 
1.61789 
1 62795 
1.63795 
1 64802 
1.65802 

Surface 
tangent 

-0.12753 
0.09942 
0.17103 
0.15680 
0.15865 
0.15839 
0.15837 
0.15852 
0.15816 
0.15863 
0.15829 
0.15855 
0.15840 
0.15822 
0.15856 
0.15829 
0 .  15 e79 
0.15755 

0.15864 

0.15857 

0 1 5 805 

0.15829 

0.15831 
0.15855 
0.15815 
0.15863 
0.15829 
0.15857 
0.15827 
0.15817 
0.15860 
0.15822 
0.15862 
0.15829 
0.15851 
0.15818 
0.15885 
0.15825 
0.15860 
0.15829 
0.15838 
0.15842 
0.15 840 
0.15 '376 
0.15703 

-7.2t  77 1 
5.677S4 
9.70538 
8.91142 
9.01482 
9.00C41 
8.99t22 

8.98757 
9.0 1276 
8.994'32 
9.0091C 
9 .OQC 7 5 
8.99061 

9.00780 

A 0 0 9 9 7  
0.99 4 6 7  
9.02256 
8.95324 
8.98 144 
9.01418 
8.99477 
9.01063 
8.99 193 
9.009 16 
8.98a99 
9.0 1251 
8 .95487 
9.01056 
8.99374 
8.90 029 
9.02212 
8.99C56 
9.01 296 
8.99482 
9 00 72 9 
8 .9e86 i  
9.015C5 
8.99275 
9.01215 
8 . 9 9 4 8 1  
8.9999 3 
9.00214 
9.00103 
9 .O 2 IO6 
8.92403 
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TABLE IV. - SHROUD COORDINATES FOR CONICAL FLAP EJECTOR NOZZLE 

Ratio of 
axial dis- 
tance to 

radius of 
primary 
nozzle 

-1.36543 
- 1.30 3 3 8  
-1.241 56 
- 1 . 1 7 9 3 4  
-1.11731 
-1 .05529 
-0.99327 
-P .  9 3 1  25 
-9 .86923 
-3.80721 
-0.745 18  
-0.68316 
-0 .621 1 4  
-0,55912 
-0 .49710 
-0.4350R 
-0.37 305 
-3.31 1 0 3  
-0 .24901 
-0 .18699 
-0.12497 
-9.56295 
-0.3[ '093 

9.J6 110 
0.12312 
0 .18514 
P. 247 16  
0 .30913 
0.  j 7 1 L 3  
L! .43 32 3 
0 .49525 
r . 5 5 7 2 7  
G. 6 1 9 2 9  
0.68131 
r . 7 4 3 3 3  
0.80535 
0 .86738 
il .92943 
C.99142 
1.75344 
1 .11546 
1.17748 
1 .23951 
1.30153 
1.36 355 

18 

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

1.65ROn 
1.65803 
1.658G; 
1.65803 
1.65 80'7 
'1.65550 
1.6 5 8 00 
1.65800 
1.65800 
1.65500 
1.65800 
1.65800 
1.65 AOG 
1.6580P 
1.65830 
1.65500 
1.65805 
1.65800 
1.65 8 0 0  
1.65800 
1.65800 
1.65800 
1.65800 
1.65809 
1.65900 
1.65900 
1.658Or) 
1.65800 
1.65800 
1.65800 
1.65R00 

.6580rJ 

.658OC) 
- 6 5 8 3 0  
.65A00 
.h5t?D" 
.65803 
- 6 5 8 0 0  
.65A00 . 65 qO:, 
.65547 
.63 1 4 9  
.57539 

1.51 337 
1.45135 

WITH SHOULDER DIAMETER RATIO OF 1 .265  

Surface 
tangent 

-0.00030 
0.00300 
-~.00000 
9.00000 

-0 . t0000 
0.00000 

-r).OOOOQ 
0.00000 

-0.60300 
0.05000 

-0.0oocJo 
O.OOOG0 

-0.0000') 
0.c'Jooo 
-0.ci0900 

0.00'330 
-0.OOOOQ 

0.00030 
-?. 00000 

0.00000 
-0.00000 

0 . 0 0 ~ 0 0  
-0.00003 
9.oocoo 

-0.00000 
0.30000 
-9.00 0 0 0  
O.CO700 

-0.00300 
0.00000 

-0.00900 
0.9uca0 

-0.00000 
0.i10000 

-0.00001 
0.00304 
-0 -003 1 6 

0. OOCJ 5 9 
-0.0022 1 

0.03825 
-Q. 1 5 3 2 5  
-0.67775 
-1.00896 
-0.99956 
-0.99278 

-0 .ooooo 
O.COQO0 

-0.00000 
0 .ooooo 

-0.00300 
0 .OOOQO 

-0 .09000 
0.00000 

-0.00009 
0 OCOO0 

-0.50000 
0 .00300 

-0 .ooooo 
0 .00000 

-0 .00000 
0 .00050 

-0 .03000 
0.00500 

-0. cl0000 
o.aoQ00 

-0 .00000 

-0.00000 
0.00000 

-0 .00000 
0 .00000 
-0.0090@ 
9 .@OOOC 

-0.00000 
0 . 0 3 0 0 0  

-0 .00000 
0 .00001 

-0.001)05 
0.0001 8 

-0.00065 
0 .00244 

-0.0091O 
0.03396 

-0.12673 
0 .47294 

-8 .71292 
-34 .12761 
-45 .25563 
-44 .98753 
-44 .79240 

o.coaoo 

Ratio of 
axial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.42557 
1.463759 
1.54961 
1.61 1 6 4  
1.67366 
1.73568 
1.79770 
1 85972 
1.92174 
1.98376 

2.10781 
2.16983 
2.23185 
2.29387 
2.35589 
2.41792 
2.47994 

2.60398 

2.04579 

2.54196 

2.66600 
2.72802 
2.79005 
2.85207 
2.91 409 

3.03813 
3.10015 

3.22423 
3.28622 
3.34824 
3.41C26 
3.47228 
3.53433 
3.59633 
3.65835 
3.72C37 
3.78239 
3.84441 
3 .W643 
3.9b846 
4.33048 
4.09259 
4.15452 

2.97611 

3 . l b 2 1 7  

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

1.38933 
1 .32891 
1 .28765 
1 . 2 6 8 5 1  
1 .26589 

1.28473 
1.29458 
1 .30436 
1 .31417 
1 .32404 
1.33383 
1.34368 
1.35350 
1 .36329 
1.37311 
1 .38296 
1.39277 
1.40265 
1.41243 

1 .27471 

1 4 2 2 2 2  
1.43207 
1.44189 

1.46157 

1.48 11 5 
1.49102 

1.51368 
1 .52049 
1.53032 
1 .54017 
I .  5 4 9 9 4  
1 .55975 
1.56963 

1.58928 
1.59909 
1.60857 
1.61879 
1.62856 
1.63535 
1 .64823 
1 .65802 

1 e451 72 

1 e47135 

1.50381 

1 5 7 9 4 1  

Surface 
tangent 

-1.02932 
-0.85621 
-0.46400 
-0.16 570 

0.07 ? 9 6  
0.16985 
0.15E15 
0 , 1 5 8 4 9  

0.15885 
0 .15849 
0.15826 
0.15886 
0 .15790 
0.15197 
0.15886 
0 . 1 5 8 2 6  
p .  15 E77 

0 , 1 5 7 3 5  
0.15848 

3 .15829 
3.15886 
0 .15826 
C.15745 
3.15E89 
0.15846 
3.15 P40 
3.15885 
0.15P12 
0 .15883 
3.15 e20 
0.15750 

0.15837 
0.15826 
0.15899 
3.15764 
0 .15505 
0.15902 

C.15860 
3.15893 
0 .15699 

0.15756 

0 .15867 

0.15e74 

0.15910 

0 . 1 5 f 1 8  

-45.82 16' ;  
-40.57037 
-24.@9 ILS 

-9 .40e21 
4 .23003 
9.63F9C 
8.98C7S 
9.C0614 

9 .02617 
9 . 0 0 6 1 1  
8.9927 e 
9. C2639 
8.97276 
8.977C3 
9 .02632 
8.9F327 

9.0157C 
8.942C5 
9.0054c 
9.019C1 
8.99464 
9 .C268? 
8.9931 2 
8.94E011 
9 .02E4t  
9 .C041t  
9 .  COO 6 k' 
9.32C14 
8.98515 
9.02496 

8.9503C 
9.04CAS 
8.5493 1 
8.99 i 77 
9.03365 
8.95824 
8.98123 
9 .o 3 14 
8 . 9 e e t 5  
9 . 0 1 i l t  
9 . i 3 c 4 e  
R.92214 

8 .95375 

9.02 l e i  

8.98596 



TABLE V. - SHROUD COORDINATES FOR CONICAL FLAP EJECTOR NOZZLE 

Ratio of 
axial dis- 
tance to  

radius of 
primary 
nozzle 

-1.251 30 
-1.19056 
-1.129d2 
-1 .?6908 - 1.11 0 9 34 
-0.94760 
-0.88686 
-n. 8 261 2 
-3.76538 
- b e  70464 
-0.64390 
-3.58316 
-3.52243 
-9.46 169 
-c .4r1095 
-0.34021 
-d.27941 
- D e  2 1 8 7 3  
- C  -15799 
-0.09725 
-r*.O 3 6 5 1 

3.32423 
D. -8497 
0.14571 
0.20645 
0.26719 
0.327Y3 
0.38867 
7.44941 

0.57089 
0.63163 
0.69237 

0.81384 
5.37458 
5.93532 
C). Y 96 06 
1.05683 
1.11754 
1.17828 
1.239112 
1.29976 
1. 360517 
1.42124 

0.51915 

ne75311 

Ratio of 
r adi a1 

distance 
to  rad- 
ius of 

primary 
nozzle 

1.65RqO 
I .  6 5 Ha') 
i.h5833 
1.65 9 3" 
1.65800 
1.6580J 
I .  6 5 80') 

1.658012 
1.6580J 
1165800 
1.65RJO 
1.65800 
1.65@0G 
1.65800 
1.65RO0 
1.65803 
1.65800 
1.65803 
1.65800 
1.6580; 
1.65900 
1.65800 
i .65800 

1.6 5 8 9  *I 

1.6580@ 
1.65800 
1.65800 
1.65800 
1.65800 
1.65803 
1.65809 
1 6 5 809 
1.65830 
1.65 900 
1.65900 
1.659QG 
1.65830 

1.65530 

1.65805 
1.65803 
1.6S800 
i.65RG0 
1.65C6r3 

1.65850 

1.65ROC 

WITH SHOULDER DIAMETER RATIO OF 1 .304  

Surface 
tangent 

0.00500 
-c .0oouo 

0.00000 
-0.00000 

0.0000') 
-0.03000 

r).00@00 
-0.00000 

0.00005 

0.09000 
-0.0(i000 

d.  00000 
-0.JOi00 
9.3030C 

-O.r)0000 

-0.0C000 
0.00000 

-0.00000 
0.00000 

-0.00008 
S.OGC09 

-c.ooroa 

o.oooao 

-c.aoooo 
o.oaooo 

-0.60000 
o.(r000a 

-0.00000 
o.ou0oo 
-0.00000 

0.00000 
-0.On000 

-0.00000 
0.40000 
-0.00003 
0.0PGUO - I. 3000 1 
0.00003 

-0. @0C* IO 
0.3 03 3 8 

-0.00141 
0.110528 

-0.01970 
-0.29196 

o.aoooo 

o. maor) 
-0.00300 
0.00000 
-0.00000 

13 .ocooo 
-0.00oor) 

0.00000 
-0.03000 

-0 .03600 
0 .00000 
-0 .00000 
0.00000 
-0.00900 
0.00000 
-0 .00000 
0.00000 

-0.00000 
0. 00900 

-0 .00000 
0 .00000 
-0.9'3000 
0.00000 
-0 .ooaQo 
0 .000QQ 

-0.00000 
0. 00000 

-0 .000Q0 
0 *00000 

-0 .00000 

r) .oaooo 

0.00000 
-0.00000 
0.00000 

-0 .PO800 
0.00001 

-0.00003 

-0.00942 
0 .@0156 

0.02171 
-0.08102 

0.30238 
-1.12835 

-16.27573 

o.aooi 1 

-a .OQWZ 

Ratio of 
axial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.46198 
1.54272 
1.60346 
1.66423 

1.78568 
1.84642 

1 72494 

1.90716 
1 e96790 
2.02 864 
2.08938 
2.15011 
2.21085 

2.33233 
2.39307 
2 -45 381 
2.51455 
2.57529 
2.63603 
2.69617 
2.75 751 
2.81825 
2.87899 
2.93973 
3.00047 
3.06121 
3.12195 
3.18269 
3.24343 

3.36491 
3.42 565 
3.48638 
3.54712 
3.60786 
3.66860 
3.72934 
3.79008 
3.95082 
3.91156 
3.97230 
4.C3304 
4.09378 
4.15452 

2.271 59 

3.30417 

Ratio of 
radial 

distance 
to rad- 
ius of 

primary 
nozzle 

i .6174n 
1.55738 
1.49664 
1.43590 
1.37527 
1 e33158 
1.30974 

1.31151 
1.32133 
1.33096 
1.34057 
1.35928 
1.35982 
1.36944 
1.37907 
1.38869 
1.39831 
1.49793 

1.42715 
1.43670 
1.44631 
1.45594 
1.46557 
1.47519 
1.48481 
1.49443 
1 50406 
1. 51368 
1.52330 
1.53293 
1.54254 

1.30417 

1.41755 

1.55216 
1.56179 

1.58103 
1.59066 
1.60527 
1.60990 

1.62915 
1.63877 
1.64839 
1.65802 

1.57141 

1.61952 

Surface 
tangent 

-9.81 783 
-1.04C97 
-0.93 265 - 1.02 844 
-0.89 e35 

-C. 2 1  433 

0.16?27 
0.15982 
0.15808 
0.15847 
0.15848 

0.15848 

9.15840 
0.15851 
0.15833 

0.15744 
0.15763 

0.15 R47 

0.15 848 
0.15840 

-0 .5  3c9a 

0.03451 

0.15837 

0.15841 

0.15L31 

0.15e61 

0.15E37 

0.15 84 1 
0.15 849 
0.15836 

a. 15e26 

0.15849 
0.15E41 

0.15844 
0.15849 
0.15836 

0.15839 

0.15848 
0.15836 

0.15849 

0.15842 

o. ise49 
0.15839 
0.15 e41 
0.15866 

-39.2 7 7 2  s 
-46.14s f f! 
-44.s9F62 
-45. R G 3 1  t 

-27.96397 
-12.09702 

1.9766 5 

9.08C12 
8.98 29 5 
9.00452 
9.005 1 2  
8.99C22 
9.00522 
9.50132 

9.50t9 i 
8.99679 

8.94713 
8.95792 
9.01i71 
9.00464 
8.99517 
9.00555' 
9.00Cb7 

-41.9 3 50 3 

9.27171 

9.00Ct2 

8.99571 

9.00148 
9.00613 
8 . 9 ~ e 5 3  

9 . 0 0 1 3 ~  
9.00512 

8.942r; 5 
9.C03C3 
9.00592 
8.95871 
9 .c0 5 7  5 
9 .ccczs  
9.0022 t 
9.005 5 2  
8 . 9 9 E 5 f  
9.006C7 
9. Q002 9 
9.c011e 
9.L153i 
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TABLE VI. - SHROUD COORDINATES FOR CONICAL FLAP EJECTOR NOZZLE 

Ratio of 
axial dis- 
tance to 

radius of 
primary 
nozzle 

-1.14010 
-1.08061 
-1.02112 
-0.961 63 
-0 902  14 
-0.84265 
-0.78316 
-0.72367 
-0 -66418 
-0.60469 
-0.54520 
-0.48 57 1 

-@.36673  
-0.30724 
-0.24775 
-0.18826 
-0.12877 
-0.06 92 8 
-0.00979 

0.04970 
0.10919 

-0.42622 

0. 16868 
0 228 17 
0.28766 
0.34715 
0 .40664  
0.466 13 
0.52562 
0.5851 1 
0.64460 

0.76358 
0.82307 
0.88256 
0.94205 
1.00 154 
1.06103 
1.12052 
1.18001 
1.23950 
1.29899 
1 . 35848 

1.47746 

0 e70409 

1 4 17 97 

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

1.65800 
1.65800 
1.65800 
1.65800 
1.65 800 
1.65800 
1.65800 

L 6 5 8 0 0  
1.65800 
1.65800 
1.65 800 
1.65800 
1.65803 

1.65 800 

1.65800 
1.65 800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65 800 
1.65800 

1.65 800 
1.65800 
1.65800 
1.65800 

1.65800 

1.65 800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 
1.65800 

1.65800 
1.65800 
1.65800 
1.65800 
1,65800 

1.65800 

1.65800 
1.65800 
1.65800 
1.65800 

WITH SHOULDER DIAMETER RATIO OF 1 .342  

Surface 
tangent 

0.00000 
-0.00000 
0.00000 
-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 
-0.00000 

0.0000r) 
-0.00600 

0.00000 
-0 .00000 
0.00000 
-0.00000 
0.00000 

-0.00000 
0.00000 

-0. 00000 
0,00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0 00000 

-0.00000 
0.00000 

-0.00000 
0.00000 

-0.00000 
0.00000 
-0.00000 
0.0coo0 

-0.00000 
0.00000 

-0.00002 
0 .00006  

-0.00024 
0 .00090  

0.00000 
-0 .00000 

0.00000 
-0.00000 

0 .00000 
-0.00000 

0.00003 
-0.00000 
0.00000 
-0.00000 

0 *00000 
-0.00000 

0.00000 

0 .00000 
-0.00000 
0.00000 

-0 .00000 
0 .00000 

-o.ooaoo 

-0  .00000 
0. 00000 

-0.00000 
0.00003 

-0 .00000 

-0.00000 
a . 00000 

-0.00000 
0.00000 
-0.00000 

o.ooaoo 

0 .00000 
-0.00000 

0 .00000 
-0 .00000 
0 .00000 

-0.00000 
0 .00000 

-0.00001 
0.00002 

-0.00007 
0 .00026  

-0.00099 
0 .00369 

-0 ,01377 
0.05138 

Ratio of 
axial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.53696 
1.59645 
1 65594 
1.71 543 
1 77492 
1 83441 
1,89390 
1.95339 
2.01288 
2.07237 
2.13186 
2.19135 

2.31033 
2.36982 
2.42931 
2.48880 
2.54829 

2.25084 

2.60778 
2.66727 
2.72676 
2.78625 

2.90523 
2.96472 
3.02421 
3.08370 

3.20268 

2.84574 

3.14319 

3.26217 
3.32166 
3.38115 
3.44064 
3.50013 
3.55962 
3.61911 
3.67860 
3.73 809 
3.79758 
3.85707 
3.91656 
3.97605 
4.03554 
4.09503 
4.15452 

Ratio of 
radial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.65800 
1.65800 
1 . 65777 
1.64478 
1.60327 
1.54369 
1 . 48420 
1.42471 
1.37660 
1.35126 
1.34215 
1.34698 
1.35643 
1.36591 
1.37532 
1,38473 
1.39414 
1.40361 
1.41307 
1.42247 
1.43189 
1.44129 
1.45070 
1.46011 
1.46952 
1 . 47900 
1.48845 
1.49784 
1.50726 
1.51667 
1.52608 
1.53548 
1.54489 
1.55437 
1.56383 
1.57323 
1.58263 
1.59204 
1.60146 
1.61087 
1.62027 

1.63920 
1.64861 
1.65802 

1.62975 

Surface 
tangent 

-0 .00935 
0.01249 

-0,44557 
-0.90738 - 1 - 0 2  25 3 

-0,94478 
-0,62013 

-0.05039 

- 1  a00692 

-0 .27  391 
-0.02 167 

0 .14466  
0.16305 
0.15788 
0.15838 
0.15791 
0.15861 

0 . 1 5 f 4 6  
0.15 810 
0.15818 
0.15802 
0.15824 

0,15939 

0 . i 5 e i o  
0.15880 
0 0 1 5 9 3 4  
0.15 E24 
0.15800 
0 . 1 5 e 3 i  
0 .15816 
0.15810 
0 15798 
0.15886 
0.15937 
0 .15e39  
0.15794 

0.15823 
0.15828 

0.15 872 

0 .15813  

0.15789 

0.15941 
0.15836 
0.15809 
0 .15834  

-0.1S17C 
0 . 7 1 5 6 4  

-3.34194 
-24.01 631 
-42.21584 
-45.63 83 3 
- 4 5 . 1 9 7 t l  

-31.80434 
-15.31833 

-43.5245 e 

-1 .24  113 
8 .23121  
9.26C61 
8.97158 
8.99 56 7 
8 .97164 
9.01288 
9 .05 t37  
9 e00 4 00  
8 .9843  t 
8.98  874 
8.9798 8 
8 .99 186 
8.98383 
9 .02  1C 5 
9 .05 3 5 c 
8 .99211  

8.99570 
8.9875 e 
8 .98?95  
8 .91145  
9 .02641  
9.05507 
9.00C53 

8.90552 
8.99 16 3 

0.97260 

8 .97e  5 e  

8.97512 

8.9942 2 

9 . o i e 8 3  

8 . 9 9 e i 4  
9 .05719  

8.98341 
8 ,99752  
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TABLE M. - SHROUD COORDINATES FOR CYLINDRICAL SHROUD EJECTOR NOZZLE 

Ratio of 
axial dis- 
tance to 

radius of 
primary 
nozzle 

-1.40364 
-1 36045 
-1.31726 - 1.27408 
-1.23089 
-1.18770 
-1. 14451 
-1.10133 
-1 a05814 
-1 01 495 
-0 971 77 
-0.92858 
-0.88539 
-0.84221 
4.79902 
-0.75583 
-0.71 265 
-0.66946 
-0.62627 
-0.58308 
-0.53990 
-0.49671 

-0.41034 
-0.36715 

-0.45352 

-0.32396 
-0.28078 
-0.23759 
-0. 19440 
-0.15122 
-0.10803 
-0.06484 
-0 02 165 
0.02153 
0 06472 
0.10791 
0.15109 
0.19428 
0.23747 
0.28065 
0.32384 
0 36703 
0.41021 
0.45340 
0,49659 

Ratio of 
radial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.66243 
1.65636 

1.64422 

1.63209 
1.62602 
1 . 6 1995 
1.61388 
1.60781 

1. 65029 

1.63816 

1.60 174 
1.59567 
1.58960 
1.58353 
1.57746 
1.57139 
1.56532 
1.55925 
1.55318 
1.54711 
1.54104 
1.53497 
1.52890 
1.52283 
1.51676 
1.51070 
1.50463 
1.49856 
1.49249 
1.48642 
1.48035 
1.47428 
1.46821 
1.46214 
1.45607 
1.45000 
1.44393 
1.43786 
1.43179 
1.42572 
1.41965 
1.41 358 
1.41000 
1.41004 
1.41002 

WITH SHROUD DIAMETER RATIO OF 1 . 4  1 

Surface 
tangent 

-0.14055 
-0.14054 
-0.14054 
-0.14053 
-0.14054 
-0.14Q55 
-0.14054 

-0.14053 
-0.14054 
-0 1405 5 

-0.14054 

-0.14055 
-0.14054 
-0.14053 
-0.14054 
-0.14055 
-0.14055 
-0 14054 
-0.14053 
-0.14054 
-0.14055 

-0.14054 
-0.14053 

-0.14055 
-0.14055 
-0.14054 
-0.14953 

-0.14055 

-0.14054 

-0.14053 
-0 0 1405 5 
-0.14055 
-0.14054 
-0.14054 
-0.14054 
-0.14054 
-0.14057 
-0.14045 
-0.14087 
-0.13927 
-0.14524 
-0.12302 

0.00944 
-0.00306 

-0.033 17 

-8.00038 
-8 .a0018 
-7.99971 
-7.99959 
-0.09015 
-8.00035 
-8.00021 
-7.99985 
-7.99953 
-7.99996 
-8.00029 
-8.00040 
-7.99994 
-7.99934 
-7.99992 
-8.00040 
-8.00028 
-7.99999 
-7.99948 
-7.99987 - 8.00040 
-8.00029 
-8.00004 
-7.99952 
-7.99975 
-8.00028 
-8.00032 
-8.00020 
-7.99953 
-7.99959 
-8.00033 
-0.00032 
-0.00313 
-7 -99968 
-7.99972 
-7.99989 
-8.00168 
-7.99509 
-8.01876 
-7.92880 
-8.26377 
-7.01 307 
-1 -89998 
0.54112 

-0, 17534 

Ratio of 
axial 

distance 
to rad- 
ius of 

primary 
nozzle 

0.53978 
0.58296 
5.62615 
0.66934 
0.71 252 
0.75571 
0.79890 
0.84208 
0.88527 
0 92 846 
0.97 164 
1.01483 
1.05802 
1.10121 
1.14439 
1.18758 

1,27395 

1.36033 

1.23077 

1.31714 

1.40351 
1 44670 
1.48989 
1 53307 
1 57626 
1.61945 
1 66264 
1.70582 
1 74901 
1.79220 
1.83538 
1.87857 
1.92176 
1 96494 
2.00813 
2.05 132 
2.09450 
2.13769 
2.18088 
2.26407 
2.26725 
2.31044 
2.35363 
2.39681 
2 44000 

Ratio of 
radial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.41000 
1 e41000 
1.41000 
1.41000 
1 41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.61009 
1 41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1~41000 
1.41000 
1.41000 
1 41000 

1.41000 
1.41000 
1.41000 
1.41000 
1.41000 
1 e41000 
1.41000 
1.41000 
1.41000 
1.41000 
1 41000 
1.41000 
1.41000 

1.41000 

Surface 
tangent 

0.00047 
-0.00 013 
0 000 C0 3 
-0.00001 
0.00c00 
-0 -00 000 
O.OOC00 

-0.00000 
0.00000 

o.ooc0o 
-0.00000 
0.00000 

-o.oocoo 
0.00c00 

-0.00000 
0.00000 
-0.00000 
0 . 00000 

-0.00 coo 
0 .oo 000 

-0.QOCOO 
0 .oo coo 
-0 .oo coo 

0.00G00 
-0 .oo coo 
0.00000 

0 -00 COO 
-0.00000 

0.0ocoo 
-0oOOCO0 
0.00COO 
-0.00 000 

0.00c00 
-0.00000 
0.00000 

-0.00 COO 
0 . 00 000 
-0.00000 
0.00CQO 

-0.oocoo 
0 00000 

-0 00 000 
0.00c00 

-o.ooaoo 

-0.00 coo 

0.01718 
-0.00 lie 
0.00195 
-0 . 00 C5 2 
0 .OOQ 14 

-0 0OC04 
0.00ac1 
-0 .00c 0c 
0.0ococ 

-0 00000 
0.00 COO 

0.00000 
-0.ooc00 
o.coc00 
-0.00coc 
0. OO0OO 
-0 .0000c 

O . 0 0 C O t  
-0.oa0oo 

O.OQ€QQ 
-0.00coc 

O . O O t C 0  
-0.0occo 

o.oococ 
-0.00co0 
0.0Qf00 
-0.coco3 
0 .0OCO0 
-0.00 0 00 

0 . OCQOO 
-0. 0OCOd 

0.00c00 
- 0 o Q O C  00 
0.00c00 

-0.OQCQC 
0.0auoc 

-0.00 COO 
0.00co0 

-0.00COO 
0 0 0000 

-0 . 0 0 C O O  
0.0cc00 
-0. COG 00 

0.0000C 

-0. 0 ctoa 



TABLE VIII. - SHROUD COORDINATES FOR CYLINDRICAL SHROUD EJECTOR NOZZLE 

WITH SHROUD DIAMETER RATIO OF 1.06 

Ratio of 
axial dis- 
tance to 

radius of 
primary 
nozzle 

-1.60364 
-1.55 865 
-1.5 1367 - 1.46868 
-1.42370 
-1.37871 
-1.33373 
-1.28874 
-1.24376 
-1.19877 
-1.15379 
-1.10880 
-1 -06382 
-1.01884 
-0.97385 
-0.92887 
-0.88388 
-0.83890 
-0.7939 1 
-0.74893 
-0.70 394 

-0.61397 
-0.56899 
-0.52400 

-0.43403 
-0.30905 
-0.34407 
-0.29908 
-0.25410 
-0.20911 
-0.16413 
-0.11914 
-0.07416 
-0.029 17 

0.06380 
0.10578 
0.15077 
0.19575 
0.24074 
0.28 572 

0.37569 

-0 65896 

-0.47902 

0.01581 

0 33073 

Ratio of 
radial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.46243 
1.45611 
1.44979 
1.44347 
1.43714 
1 43082 
1.42450 

1.41186 
1.40553 

1.41818 

1.39921 
1.39289 
1.38657 

1.37392 
1.36760 

1.38024 

1.36128 
1.35496 
1.34863 

1.33599 
1.34231 

1.32967 
1.32334 
1.31702 
1.31070 
1.30438 
1.29806 
1.29173 
1.28541 
1.27909 
1.27277 
1.26645 

1.25380 

1.24116 

1.26012 

1.24748 

1.23483 
1.22851 
1.22219 
1.21587 
1.21041 
1.21003 
1.21004 
1.21G00 
1.21000 

Surface 
tangent 

-0.14055 

-0.14053 
-0.14055 

-0,1405 3 
-0.14055 
-0.14055 
-0.14054 
-0.14054 
-0.14053 
-0.14054 
-0.1405 5 

-0.14053 
-0.14054 

-0.14053 
-0.14055 
-0.1405 5 
-0.14054 
-0.14053 
-0.14054 
-0.14055 
-0.14055 
-0.14054 
-0.14053 
-0.14054 

-0.14055 
-0.14054 

-0.14054 
-0.14055 
-0.14055 
-0.14054 

-0.14054 
-0.14054 

-0.14044 
-0.14091 

-0.14055 

-0.14053 

-0.14053 

-0.14057 

-0.1391 3 
-0.14582 
-0.06345 
0.01048 
-0.00317 
O.GO027 

-0.00007 

-8.90051 

-7.99961 
-7 -99952 

-8.00026 

-8.00024 
-8.00036 
-8 .000 11 
-7.99969 
-7.99963 
-8 -00016 
- 8 . 0 0 0 3 3  
-8.00023 
-7.99957 
-7.99958 
-8.00032 - 8.00033 
-8 .00009 
-7.99960 
-7.99974 
-8.00034 
-8 000 31 
-8.00009 
-7.99956 
-7.99971 
-8.00027 
-8.00032 
-8.00016 
-7.99943 
-7.99972 
-8.00042 
-8.00028 
-8.00006 
-7.99947 
-7.99994 
-8.00001 
-8.00181 
-7.99431 

-7.92046 
-8 .02077 

-8.29617 
-3.63038 
0.60046 

-0.18185 
0.01551 

-0.0041 6 

Ratio of 
axial 

distance 
to rad- 
ius of 

primary 
nozzle 

0.42067 
0.46566 
0.51064 
0.55563 
0.60061 
0.64560 
0.69058 
0,73557 
0.78055 
0.82554 
0.87052 
0.91551 
0.96049 
1.00548 
1.05046 
1.09544 

1.18541 
1.23040 

1.32037 
1.36535 

1.45532 

1.14043 

1.27538 

1 41 034 

1.50031 
1.54529 
1.59028 
1.63526 
1.68025 
1 72 523 
1.77021 
1.81520 
1.86016 
1.90517 
1.95015 
1.99514 
2.04012 
2.08511 
2.13009 
2.17508 
2.22006 
2.26505 
2.31003 
2.35502 
2.40000 

Ratio of 
radial 

distance 
to rad- 
ius of 

primary 
nozzle 

1.21000 
1.21000 
l.21000 
1.21000 
1.21000 
1 . 21000 
1.21000 
1.21009 
1.2 1000 
1.21000 
1.21000 
1.2 1000 
1.21000 
1.21000 
1.21000 
1.2 1000 
1 . 21000 
1.21000 
1.21000 
1.21003 
1.21000 
1.21000 
1.21000 
1.21000 
1.21000 
1.21000 
1.21000 
1 .2 1000 
1.21000 
1.21000 
1.2 1003 
1.2 1000 
1.21000 
1.21000 
1.21000 
1.21000 
1.21000 
1.21000 
1.21009 
1.21000 
1.21000 
1.21000 
1.21009 
1.21000 
1.21000 

Surface 
tangent 

0 .OO GO2 
-0.00 co1 
0. oocoo - 0 , 00 000 
0.00c00 

-0.00000 
0.00000 

-o.oocoo 
0.00c00 

-0.00c00 
0.00000 

-0 .oo coo 
0.00c00 

-0.00c00 
0.00 000 

-0oOOGOO 
0.00c00 
-0.00000 
0.00000 

-0.00c00 
o.ooco3 

-0.00c00 
0.00000 
-0.00 COO 
0.00c00 

-0.00 coo 
0.00 COO 

-o.oocoo 
0.00000 

-0.00c00 
o.3ocoo 

-0.00c00 
0.00000 

-0.00000 
0.00000 

-0.00 000 
0.00c00 

-0.00000 
0.00c00 

-0.00000 
O.QOCO0 

-0.00c00 
O.OOQO0 
-0.00 coo 
0.00000 

0.0011 1 
-c .oOc3c 
0.00008 

-0.00 c02 
0.occc 1 

-o.oococ 
-0. oocoo 
-0 .  ooc co 
O.OGCO0 

-o.oococ 
0 .00000  
-0.0 c coo 
0.0Qf00 
-0.00 co c 
o.oocoo 
-0.00000 
o.oococ 
-0. oocoo 

0 .000c0  
-0.  ooc c c  

o . o o c o ~  

o.occoc 
-0.00 coc 

0 . 0 0 0 0 c  
-0.000 c0 
0 . o o t o c  
-0. oocco 

0.00c00 
-0. COCO0 
0.0OCOC 
-0. oocoo 
0.00000 

o.ococo 
-0.00cc0 
0 .oocoo 
-0. ooco 0 
0 .  OOC C G  
-0 .coo00 
0.OOCOC 

-0.00 coo 
0 .00000 

o.ooaco 

o .oo ccc 

-o.oeaoc 

-0. oo co a 
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TABLE JX. - SHROUD COORDINATES FOR CYLINDRICAL SHROUD EJECTOR NOZZLE 

Ratio of 
axial dis- 
tance to 

radius of 
primary 
nozzle 

-1.70364 
-1.65708 
-1 61052 
-1.56396 
-1 51741 
-1.47085 

-1.37773 
-1.42429 

-1.33117 
-1.28462 
-1.23806 
-1.19150 
-1.14494 
-1.09839 
-1.05183 
-1 -00527 
-0.95811 
-0.91215 
-0.86560 

-0.77 248 
-0.72592 
-0.67937 
-0.6 3281 
-0.58625 
-0.53969 

-0.44658 
-0.40002 

-0 8 1904 

-0.49314 

-0.35346 
-0 30690 
-0.26035 
-0.21379 
-0.16723 
-0.12067 
-0.07412 
-0.02756 
0.01900 
0 06556 
0.11211 
0.15867 
0.20523 
0.25179 
0.29835 
0.34490 

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

1.36243 
1.35589 
1.34935 
1.34280 
1.33626 
1.32972 
1.32317 
1.31663 
1.31009 
1.30354 

1.29046 
1.29700 

1.28391 
1.27737 
1.27083 
1.26428 
1.25774 
1.25120 
1.24465 
1.23811 
1.23157 
1.22502 
1.21848 
1.21194 
1.20539 
1.19885 
1.19231 
1.18577 
1.17922 
1.17268 
1.16614 
1.15959 
1.15305 
1.14651 
1.13996 
1.13342 
1.12688 
1.12033 
1.11379 
l.ll’JO0 
1.11004 
1.11003 
1.11000 
1.11000 
1.11000 

WITH SHROUD DIAMETER RATIO OF 1 .11  

Surface 
tangent 

-0.14055 
-0.14054 
-0.14053 
-0.14054 
-0.14055 
-0.14055 
-0.14054 
-0.14053 
-9.14054 
-0.1405 5 
-0.14055 
-0.14054 
-0.14053 
-0.14054 
-0.14055 
-0.1405 5 
-0.14054 
-0.14053 
-0.14054 
-9.1405 5 
-0.14054 
-0.14054 
-0. 14053 
-0.14054 
-0.14055 
-0.14054 
-0.14053 
-0.14053 
-0.14055 
-0.14055 
-0.14054 
-0.14053 
-0.14053 
-0.14057 
-0.14045 
-0.14090 
-0.13920 
-0.14552 
-0.12195 
-0.0321 7 

-0.00300 
0.00038 

0.00003 

0.00918 

-0.00010 

-8.00038 
-8.0001 4 
-7.99962 
-7.99969 
-8.00030 
-8.00033 
-8.00005 
-7.99956 
-7 -99977 
-8.00028 
-8.00038 
-8.00003 
-7.99939 
-7.99992 
-8.00039 - 8.00027 
-7.99984 
-7.99953 - 8,000 1 3 
-8.00035 
-8.00018 
-7.99974 
-7.99961 
-8.0001 5 
-8.00033 
-8.00020 
-7.99951 
-7.99967 
-8.00038 
-8.00031 
-7.99997 
-7.99962 
-7.99954 
-8.00183 
-7.99490 
-8.02000 
-7.92446 
-8.27978 
-6.95278 
-1.84266 
0.52584 
-0.17199 
0.02162 
-0.00579 
0.00155 

Ratio of 
axial 

distance 
to rad- 
ius of 

primary 
nozzle 

0.39146 
0.43 802 
0.48458 

0.57769 
0.62425 
0.67081 
0.71736 
0.76392 
0.81 048 
0.85704 

0.95015 

6.53113 

0.90360 

0.99673 
1 04327 
1.08983 
1.13638 
1.18294 
1.22950 
1 21-606 
1 32261 

1.41573 
1.46229 
1.50885 

1.36917 

1.55540 
l e  60196 
1.64852 
1 69508 
1.74163 
1.78819 
1 83475 
1.88131 
1.92787 
1.97442 

2.01754 
2.02098 

2.11410 
2.16065 
2.20721 
2.25377 
2.30033 
2.34.688 
2.39344 
2.44000 

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1 . 11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1. 11003 
1 . 1 1000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 
1.11000 

Surface 
tangent 

-0 -00 001 
o.oocoo 
-0 .oo coo 
0 .oo coo 
-0.00 coo 

0 . 00000 
0.00c00 

-o.oocoo 
o.oocoo 

-0.00000 
0.00 coo 

-0 -00 000 
0.00000 

-0.00 COO 
0.00000 
-0.00 coo 
0.00000 

-0.00CO0 
0.00 coo 

-0.00CQO 
0.00000 

-0.QOCOO 
0.00 coo 
-0.00c00 
0.00 000 
-0.00 coo 
0.00000 

-0.00000 
0.00000 

-0.00c00 
0.00c00 

-0.00 000 
0.00COO 
-0.00 coo 
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TABLE X. - SHROUD COORDINATES FOR CYLINDRICAL SHROUD EJECTOR NOZZLE 

Ratio of 
axial dis- 
tance to 

radius of 
primary 
nozzle 

-1.75364 
-1.71191 
-1.67018 - 1 . 62846 
-1.58673 
-1.54500 
-1.50328 - 1.46 155 
-1 41983 
-1 37810 - 1.33637 - 1.29465 
-1.25292 
-1.21119 
-1.16947 
-1.12774 
-1.08602 
-1,C4429 

-0.96084 
-0,91911 
-0.87738 
-0.83566 
-0.79393 
-0.75221 
-0.71048 
-0.66875 
-0.62703 
-0.58530 
-0.54357 
-0.50185 
-0.46012 
-0.41 840 
-0.37667 
-0.33494 
-0.29 322 
-0.25149 
-0.20976 
-0.16804 
-0.12631 
-0.08459 
-0.04286 
-0.00113 
0.04059 
0.98232 

-1 a00256 

Ratio of 
r adi a1 

distance 
to rad- 
ius of 

primary 
nozzle 

1.31243 
1.30657 
1.30070 
1.29484 
1.28898 
1. 28 311 
1.27725 
1.27138 
1.26552 
1.25966 
1.25379 
1.24793 

1.23620 
1.23033 
1.22447 
1.21861 
1.21274 
1.20688 
1.20101 
1,19515 
1.18928 

1.17756 
1.17169 
1.16583 

1.15410 
1.14823 
1.14237 
1.13651 
1.13064 

1.24206 

1.18342 

1.15996 

1.12478 
1.11891 
1.11305 
1.10718 
1.10132 
1.09546 
1.08959 
1.08 37 3 
1,07786 
1.07200 
1.06614 
1.06076 
1.06003 

WITH SHROUD DIAMETER RATIO O F  1 . 2 1  

Surface 
tangent 

-0.14055 
-0.14055 
-0,14054 
-0.14053 
-0.14054 
-0.14055 

-0.14054 

-0.14054 
-0.14055 
-0.1405 5 
-0,14054 
-0.14053 
-0.14053 
-0.14055 
-0.1405 5 
-0.14054 

-0.14053 
-0.14054 
-0.1405 5 
-0 . 14055 
-0.14054 
-0.14053 
-0.14054 
-0.14055 
-0.14055 
-0.14054 
-0.14053 
-0.14053 
-0,14055 
-0.14055 
-0.14054 
-0.14054 
-0 . 1405 3 
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-0.14054 
-0.14059 
-0.14038 
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-0.14903 
-0.07405 
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-0.14055 

-0.14053 

-0.14054 

-8.00049 
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-7.99997 
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Ratio of 
axial 

distance 
to rad- 
ius of 
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Figure 1. - Supersonic ejector system. 
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Figure 2. - Inf luence of sonic l i ne  and mixing process on  performance of a convergent- 
divergent contoured flap ejector. Shroud shoulder diameter ratio, DS/Do, 1.37; spac- 
ing ratio, LSIDp, 0: 5; primary nozzle l ip  angle, , 27'; Reynolds number, Re, 

P O  3. 3x106; ratio of primary total pressure to free-st 7 earn static pressure, P I p  , 27. 
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Secondary corrected weight flow ratio, ufi 

Figure 5. - Inf luence of sonic l ine and mixing process on performance of a convergent- 
divergent conical flap ejector. Shroud shoulder diameter ratio, D IDp. 1.225; spac- 
ing ratio, LqlOp. 0: 22; primary nozzle lip angle, op, 16'; Reynolds number, Re, 
4.4~106; ratio of pr imary total pressure to  free-stream static pressure, Pp/po, 14. 
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( a \  Conical flap ejector. Shroud shoulder diameter ratio, DSIDp, 1.225; primary 
nozzle lip angle, aP 16'; Reynolds number, Re, 4 .0~106.  - - 
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( b )  Contoured shroud ejector. DS/Dp = 1.32; ap - 27'; Re - 3.3~106.  

Figure 7. - Influence of sonic l ine on primary nozzle mass flow. 
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Figure 11. - Effect of pr imary nozzle l ip angle on  exit Mach number profile for a convergent-divergent 
conical flap ejector. Shroud shoulder diameter ratio, DS/Dp,  1.225; exit- to primary-diameter ratio, 
De ID,,, 1.658; corrected secondary weight f low ratio, .I(", 0.04. 
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Figure 13. - Shroud geometry for a family of conical flap ejector nozzles. (Data from ref. 9.1 
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Figure 14. - Effect of spacing rat io on performance of a convergent-divergent conical flap ejector nozzle wi th a shroud shoulder 
diameter rat io O S / D p  of 1.183 ( A S I A p  = 1.41, a Reynolds number  Re of 4.0~106, and a rat io of pr imary total pressure to 
free-stream static pressure PP/po of 14. 
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Figure 15. - Effect of spacing rat io on performance of a convergent-divergent conical flap ejector wi th a shroud shoulder diameter 
rat io D I D  of 1.225 (A /Ap = 1.5), a Reynolds number Re of 4.0~106, and a rat io of pr imary total pressure to free-stream 
static pressure PP/po 0?14. 

(d) Corrected secondary weight flow ratio, up, 0. 10. 
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Figure 16. - Effect of spacing ratio o n  Performance of a convergent-divergent conical flap ejector wi th a shroud shoulder diameter 
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Figure 17. - Effect of spacing rat io on  performanceof a convergent-divergent conical flap ejector wi th a shroud shoulder diameter 
ratio DS/Dp of 1.304 (ASIAp = 1.7), a Reynolds number Re of 4.0~106, and a ratio of pr imary total pressure to  free-stream 
static pressure of P,/po of 14. 

(d) Corrected secondary weight flow ratio, wfi, 0.10, 
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Figure 18. - Effect of spacing rat io on performance of a convergent-divergent conical flap ejector wi th  a shroud shoulder diameter 
rat io DS/Dp of 1.342 ( A  /Ap = 1.81, a Reynolds number Re of 4.0~106, and a rat io of pr imary total pressure to free-stream 
static pressure Pp/po oT14. 

42 

I 



1.0 

.8 
a, 

n - 
&i 

.6 
V c m 
c v) .- - - . 4  
m 
a m E 

.- 

. L  

( 

Spacing ratio, 

LS' Dp 

7 7 
I I 
f 

Dp D S  De 

1 \ I 
2 2.3 2.4 2.5 2.6 2.1 2.8 2.9 3.0 3.1 3.2 3.3 

Mach number, M 

Figure 19. - Effect of spacing ratio on exit Mach number profile for a convergent-divergent conical 
flap ejector. Shroud shoulder diameter ratio, DS/Dp, 1.225; ratio of exit diameter to primary 
diameter, De/Dp, 1.658; corrected secondary weight flow ratio, ufi, 0.04. 
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Figure 20. - Influence of spacing rat ioon the flow field of a convergent-divergent conical flap ejector. Corrected secondaly weight flow 
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ratio, w fi, 0. W; shroud shoulder diameter ratio, Ds/DD, 1.225. 
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Figure 21. - Effect of shroud shoulder diameter ratio on  pumping characteristics of a 

cyl indrical shroud ejector. Primary nozzle lip angle, a , 80; Reynolds number, 
Re, 3 . 5 ~ 1 0 ~ .  P 
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Figure 25. - Performance of a cyl indr ical  shroud p lug  nozzle ejector - af terburning-on con- 
figuration. Shroud shoulder diameter ratio, DS/D 1.149; spacing ratio, L S / D  0.710; 
Reynolds number, Re, 3.5~106; ratio of primary tot% pressure to free-stream s t f i i c  pres- 
sure, Pp/po, 15. 
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Figure 26. - Performance of a cyl indr ical  shroud p lug  nozzle ejector - aP 
figuration. Shroud shoulder diameter ratio, O S / D  , 1.25; spacing ratio, L ~ / D ~ ,  0.775; 
Reynolds number, Re, 3.5~106; ratio of primary t o h l  pressure to free-stream static pres- 
sure, PP/po. n. 
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